Healthy young children who acquire CMV have prolonged viral shedding into the urine and saliva, but whether this is attributable to limitations in viral-specific immune responses has not been explored. In this study, we found that otherwise immunocompetent young children after recent primary CMV infection accumulated markedly fewer CMV-specific CD4 ؉ T cells that produced IFN-␥ than did adults. These differences in CD4 ؉ T cell function persisted for more than 1 year after viral acquisition, and did not apply to CMV-specific IFN-␥ production by CD8 ؉ T cells. The IFN-␥-producing CD4 ؉ T cells of children or adults that were reactive with CMV Ags were mainly the CCR7 low cell subset of memory (CD45R0 high CD45RA low ) cells. The decreased IFN-␥ response to CMV in children was selective, because their CCR7 low memory CD4 ؉ T cells and those of adults produced similar levels of this cytokine after stimulation with staphylococcal enterotoxin B superantigen. CD4
H uman CMV is a prevalent ␤-herpesvirus that establishes persistent lifelong infection (1, 2) . Primary CMV infection is defined as the first acquisition of any strain of the virus. Approximately 99% of these primary infections are acquired at birth or during childhood or adulthood as a result of mucosal contact with CMV contained in bodily secretions, such as breast milk, cervical fluid, semen, saliva, or urine. CMV infection acquired at birth or during childhood or adulthood is usually asymptomatic in immunocompetent individuals (2) (3) (4) . However, postnatally acquired CMV infection may be severe in the immunocompromised host, particularly in the face of T cell deficiency (5), such as due to primary immunogenetic defects or acquired immunodeficiency states (6) , or following premature birth (7) . Although only ϳ1% of primary CMV infections in the U.S. are acquired in utero (1, 7) , congenital infection may be severe and followed by permanent sequelae, such as sensorineural deafness and mental retardation. These sequelae are particularly frequent if the virus is transmitted as a result of a primary maternal infection early in pregnancy (1, 7) .
Because congenital CMV infection is an important cause of deafness and other birth defects (1, 7) , an understanding of the epidemiology of CMV spread and its control by adaptive immunity is of great interest. Young children, particularly those in group day care settings, are at a high risk to acquire CMV from other children as well as transmit CMV to caregivers, such as parents or day care workers (2) (3) (4) 7) . Primary CMV infection of neonates and infants usually results in continuous or frequent viral shedding into the urine and saliva for up to several years (3, 4) . In contrast, limited studies have indicated that adults with primary CMV infection stop continual viral shedding by 9 -12 mo after acquisition, and have only infrequent recurrences of shedding thereafter (8, 9) .
The reason for age-related differences in the duration of CMV shedding after primary viral acquisition is unknown. T cell immunity appears to be important to maintain CMV in a latent state (1, 5) . Studies of murine CMV indicate that CD4 ϩ T cells producing IFN-␥, which are hereafter interchangeably referred to as Th1 cells, are important for the control of CMV replication and shedding from epithelial sites, such as the salivary glands (10 -12) .
We hypothesized that differences in the duration of CMV shedding in young children compared with adults were related to quantitative or qualitative differences in the T cell-mediated immune response. To test this, we compared CMV-specific CD4 ϩ and CD8 ϩ T cell responses between asymptomatic young children and adults, and found a strikingly persistent deficiency of CMV-specific CD4
ϩ T cell production of IFN-␥ in asymptomatic young children. Thus, CD4
ϩ T cell-mediated immunity to CMV after primary infection is generated in an age-dependent manner, most likely reflecting a novel age-related increased susceptibility of the immune system in early childhood to viral-mediated immunoevasion or immunomodulation. The persistence of such age-related differences in an antiviral T cell response following postnatal infection is, to the best of our knowledge, unprecedented, and has important implications for strategies to control CMV infection.
Materials and Methods

Study population
Eighteen adults and 13 children were involved in this study, which was approved by the Stanford University Committee for the Protection of Human Subjects and the Institutional Review Board of the Virginia Commonwealth University/Medical College of Virginia. These subjects were divided into four groups (Table I) based on whether they entered the study as CMV Ab seropositive, with the duration of the infection unknown, or were Ab seronegative at study entry and subsequently became infected, which allowed an estimate of the duration of infection. Group 1 subjects, labeled as adult in the figures, entered the study as CMV Ab seropositive and had infection of an unknown duration. They consisted of healthy and asymptomatic 14 adults, 3 men and 11 women, with a mean average age of 36 years. On epidemiological grounds, ϳ99% of these adults were likely to have acquired CMV peri-or postnatally, and to have been infected for years to decades (1, 4, 7) . The estimated time since acquisition of primary CMV infection for the other subjects who were initially uninfected at study entry was determined by screening assays, which are described below. Group 2 subjects, for whom the results are labeled as adult 1 0 in the figures, consisted of 4 women who were CMV Ab seronegative at study entry. They were asymptomatic and ranged between 44 and 52 years of age, with a mean average age of 48 years, and an estimated duration of CMV infection of 12-15 mo. All children evaluated immunologically were uninfected at study entry. Group 3 subjects, for whom the results are labeled as child in the figures, consisted of 13 children, 5 girls and 8 boys, with an age range of 1.5-4 years, and a mean average age of 22 mo. All attended group day care, and had an estimated duration of CMV infection of 8 -29 mo. Group 4 subjects, for whom the results are labeled as child 1 0 in the figures, were a subset of the group 3 children who had been infected for 12 mo or longer, so that their duration of CMV infection matched or exceeded that of the adult 1 0 group. Group 4 children had an estimated duration of infection of 12-29 mo and ranged between 18 and 42 mo of age, with a mean average age of 27 mo.
Screening for primary CMV acquisition
Urine CMV culture and the detection of CMV serum Ab were used to determine the approximate time of acquisition of primary infection in children and adults. Children were screened for CMV acquisition by periodic sampling of urine for CMV every 3 mo based on growth of virus in tissue culture using MRC-5 fibroblasts (13) . Three adults of group 2 were screened for CMV acquisition based on screening every 6 -12 mo for CMV Ab seropositivity using a commercial latex agglutination assay (CMVScan; BD Biosciences, San Jose, CA) that detects both CMV-specific IgG and IgM. One individual of this group was screened based on urine CMV cultures obtained every 3 mo. The time of initial infection was estimated to be the midpoint between the last negative and the first positive assay. Previous studies of uninfected adult volunteers inoculated with an unattenuated CMV viral strain found that CMV viruria and CMV-specific Ab were detectable by ϳ5 and 6 wk after viral inoculation, respectively (14) . Therefore, screening for CMV acquisition based on either culture-proven viruria or seropositivity for CMV Ab should result in a very similar estimate of the duration of infection. The estimated duration of CMV infection for the subjects is summarized in Table I .
T cell stimulation assays
Stimulation was performed using either heparin-anticoagulated whole blood or PBMC isolated from heparin-anticoagulated blood by FicollHypaque gradient centrifugation. PBMC were resuspended in RPMI 1640 medium with 10% heat-inactivated human AB serum. Whole blood or PBMC was incubated with a lysate of fibroblasts infected with the CMV AD-169 strain (indicated as CMV in the figures), which was obtained from BioWhittaker (Walkersville, MD), or pp65 peptide mixture (indicated as pp65 in the figures). The pp65 mixture consisted of 138 peptides of 15 aa residues in length that completely span the pp65 UL83 protein sequence of the AD-169 strain, with an overlap of 11 aa residues. This peptide mixture is effective in activating CD4 and CD8 T cells in this assay (15, 16) . Although the restriction of particular peptides in this mixture for particular class I and II HLA alleles is not known, this mixture routinely induces detectable CD4 and CD8 T cell responses in all healthy adult donors who are CMV Ab seropositive (15, 16 , and our unpublished results for 40 adult donors that we have tested to date). Each peptide was present in the stock mixture at a concentration of 400 g/ml DMSO and was used at final concentration of 1.0 g/ml. DMSO at this concentration (0.25% v/v) had no effect on assay results in pilot experiments. An equivalent volume of PBS, uninfected fibroblast cell lysates, or a peptide pool for carcinoembryonic Ag, a self protein, were routinely used as negative controls. The carcinoembryonic Ag protein pool consisted of 173 peptides that had the same length (15 mer) and overlap (11 aa) as the pp65 peptide pool. The bacterial superantigen staphylococcal enterotoxin B (SEB) 3 (Toxin Technologies, Sarasota, FL) was used as positive control in all experiments at a final concentration of 10 g/ml. To enhance the detection of Ag-specific responses, CD28 and CD49d mAbs (BD Biosciences) were added to each sample at a final concentration of 3 g/ml, as previously described (16) . The rationale for the addition of these costimulatory mAbs is that they increase the detection of Ag-specific immune responses without significantly increasing the background frequency of these cells in the absence of specific Ag (17) . After 2 h of incubation at 37°C, 5% CO 2 , brefeldin A (Sigma-Aldrich, St. Louis, MO) was added to final concentration of 10 g/ml, and tubes were incubated an additional 4 h.
Cell surface markers and intracellular cytokine staining
Following 6 h of activation, cells were treated with 2 mM of EDTA for 15 min to deaggregate any cells that were clumped or that were adherent to plastic. For whole blood stimulation assays, RBC were lysed by the addition of FACS lysing solution (BD Biosciences). The fixed cells were washed, incubated with FACS permeabilization solution (BD Biosciences) for 10 min, and stained in the dark for 30 min with a combination of fluorochrome-conjugated mAbs reactive with cell surface markers and cytokine. All mAbs were purchased from BD Biosciences, unless otherwise indicated. For whole blood assays of CD4 ϩ T cells, the mAb mixture consisted of IFN-␥-FITC/CD69-PE/CD4-PE-Cy5 (Caltag Laboratories, Burlingame, CA) and allophycocyanin (AC)-conjugated CD8-␣, CD14, and CD19 mAbs. Whole blood assay of CD8 ϩ T cells was similar, except that CD8-␣-PE-Cy5 mAb (Caltag Laboratories) was substituted for the CD4-PE-Cy5 mAb and CD4-AC mAb was substituted for CD8-␣-AC mAb. Gates were set to exclude AC-positive cells to eliminate monocytes, B cells, and either CD8 ϩ or CD4 ϩ T cells from the analysis. For simultaneous analysis of CCR7 expression and intracellular IFN-␥ accumulation, PBMC were used, because this yielded superior staining results compared with whole blood assays. PBMC were stained with purified mouse anti-human CCR7 mAb for 20 min and washed, followed by incubation with secondary Ab (biotinylated rat anti-mouse IgM) for 20 min. After additional washing, cells were surface stained using a combination of mAbs (CD4-PE-Cy5 and CD45RA-AC) and streptavidin-PE for 20 min. After surface marker staining, cells were washed and then fixed and permeabilized with FACS lysis and permeabilization solution (BD Biosciences), respectively, for 10 min. Cells were then stained with cytokinereactive mAb (IFN-␥-FITC, IL-2-FITC, IL-4-FITC, IL-10-FITC, or IL-13-FITC) for 30 min. Analysis of CCR7 and CD154 expression was performed similarly, except that CD154-FITC was included in the initial surface-staining step and the permeabilization and intracellular steps were omitted. Following staining, cells were washed with PBS, and resuspended in PBS plus 1% paraformaldehyde. Isotype-matched control Abs of irrelevant specificity were included in all experiments.
Flow cytometric analysis
A FACSCalibur flow cytometer (BD Biosciences) was used to collect 2-5 ϫ 10 5 events for each sample by gating on small lymphocytes (using forward vs side scatter). Logical gates were set to analyze
in whole blood stimulation assay, or CD4 ϩ T cells (using CD4 vs side scatter) in instances in which PBMC were analyzed. Data were analyzed by use of FLOW JO software (Tree Star, San Carlos, CA).
Quantitative real-time PCR for CMV DNA
DNA was extracted from urine in a biological safety cabinet to prevent environmental contamination of samples using a MasterPure DNA Purification Kit (Epicenter Technologies, Madison, WI), following the manufacturer's instructions. Real-time PCR was performed using an ABI PRISM 7700 sequence detection system and TaqMan Universal PCR Master Mix (both from Applied Biosystems, Foster City, CA). The oligonucleotide primers and probe were used to detect the coding region of the CMV UL54 DNA polymerase gene, which is highly conserved among strains. The forward primer was 5Ј-CCGAGGTGGGTTACTACAACG-3Ј; the reverse primer was 5Ј-GGAAGGGTAGAGGCTGGCA-3Ј; and the fluorogenic internal probe was 5Ј-FAM-CCCCGTGGCCGTGTTCGACT TAMRA-3Ј. PCR was performed for 40 cycles (50°C/2 min; 95°C/15 s; 60°C/1 min). CMV genome concentration was estimated by analysis of the signal obtained from various dilutions of a CMV UL54 plasmid or purified CMV genomic DNA.
Results
Decreased frequency of CMV-specific CD4 ϩ T cells, but not CD8 ϩ T cells in young children
The frequencies of CMV-specific T cells were first compared between 14 asymptomatic adults (group 1) who were CMV Ab seropositive, and presumably chronically infected, and 13 asymptomatic young children with primary CMV infection of ϳ8-to 29-mo duration (group 3). In agreement with previous results (15, 18, 19) , adults had discrete subsets of CD4 ϩ and CD8 ϩ T cells that coexpressed IFN-␥ and the activation-dependent protein CD69 in response to either whole CMV Ag (CMV) or a mixture CMV pp65 (UL83) peptides (pp65) (Fig. 1A) . Although the level of CD69 expression by the child sample shown in Fig. 1A appeared to be greater than for the adult sample, this was not a consistent and statistically significant finding when a larger number of children and adults was compared (data not shown). A control Ag (mockinfected and lysed fibroblasts) and a control peptide pool derived from the carcinoembryonic Ag, a self protein, resulted in a minimal response (Ͻ0.07% IFN-␥ ϩ cells) similar to incubation of cells without additive.
In contrast, young children had a markedly and significantly lower frequency of circulating CMV-specific CD4 ϩ T cells that produced IFN-␥ compared with adults ( Fig. 1, A and B) . Children also had a markedly reduced frequency of CD4 ϩ T cells that produced IFN-␥ in response to the pp65 peptide mixture (Fig. 1, A and   B) . Because activation of pp65-reactive CD4 ϩ or CD8 ϩ T cells by the peptide mixture does not require Ag uptake and processing by APCs, but only MHC surface expression (15, 16) , these results indicated that the decreased CMV-specific CD4 ϩ T cell response of children was not due to impaired APC function during ex vivo stimulation. However, adults and children had comparable levels of CMV-and pp65-specific CD8 ϩ T cells producing IFN-␥ (Fig.  1A , and our unpublished data), indicating that this decreased T cell immunity was selective for the CD4 ϩ subset. CMV-specific CD4 ϩ T cells producing IFN-␥ have been detected as early as 30 days following viral exposure in adults with primary CMV infection as a result of renal transplantation, and who receive potent immunosuppressive drugs to limit transplant rejection (20, 21) . However, the time required for healthy immunocompetent adults to develop a Th1 immune response after primary CMV infection from mucosal exposure to the virus is unknown, but could conceivably require months to years. If so, the reduced IFN-␥ response by CD4 ϩ T cells of healthy CMV-infected young children would merely reflect their shorter duration of CMV infection compared with the healthy adult group with presumed chronic infection. To exclude this possibility, the CMVspecific Th1 immune responses of four healthy adults with primary CMV infection (group 2) of an estimated 12-15 mo of duration were then examined. This immune response was compared with a subset of the children (group 4) for whom the estimated period of CMV infection (12-29 mo) was equal to or greater than that of the adults (Fig. 1C) . The CMV-and pp65-specific Th1 immune responses of adults with recent primary infection were similar to 
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DEFICIENCY OF CMV-SPECIFIC CD4 ϩ T CELLS IN YOUNG CHILDREN those of the adult chronic group and, again, were significantly greater than those of the children with primary infection of a similar duration (Fig. 1C) . These results demonstrated that healthy young children had a markedly limited ability to mount a CMVspecific Th1 immune response for 1 year or more following viral acquisition, while this lag in antiviral immunity was not observed in adults.
The CCR7 low subset accounts for most IFN-␥ produced by CD4 ϩ memory T cells
To assess whether the reduced CMV-specific Th1 response of young children reflected a generally limited ability to mount Th1 immune responses to Ags, we first determined the phenotype of CMV-specific CD4 ϩ T cells that accounted for most IFN-␥ production in adults and children. It has been reported that IFN-␥ production by adult CD4 ϩ T cells in response to protein Ag (22) (23) (24) , including CMV (18) or SEB (25) , is largely confined to CD45RA low CD45R0 high memory/effector subset. We verified that this applied to CMV-specific and SEB-induced IFN-␥ production by CD4
ϩ T cells from adults with presumed chronic CMV infection or adults and children with documented recent primary infection (data not shown). Because memory CD4
ϩ T cells expressing low levels of CCR7 have been reported to be highly enriched in IFN-␥ production after engagement of CD3 and CD28 (25, 26) , we next determined whether this restriction of Th1 function to CCR7 low memory cells also applied to CMV Ag-specific responses. Among adult and child memory CD4 ϩ T cells, Ͼ90% of cells that produced IFN-␥ in response to either stimulation with CMV Ag, the pp65 peptide mixture, or SEB were CCR7 low (Fig.  2) . Similar results were also observed for CD4 ϩ T cells of adults with documented recent primary CMV infection (our unpublished data). These results suggested that Th1 responses generated postnatally to specific Ag, or at least to CMV-derived Ags, are largely restricted to a CCR7 low memory CD4 ϩ T cell subset.
Children have a lower fraction of CCR7 low memory CD4
ϩ
T cells than adults
Because the CMV-specific Th1 response was limited to the CCR7 low memory CD4 ϩ T cell subset, it was plausible that reduced CMV-specific Th1 responses of children reflected a decreased accumulation of CCR7 low cells during memory CD4 ϩ T cell generation. In fact, the fraction of memory CD4 ϩ T cells that were CCR7 low was modestly, but significantly lower in children with documented recent primary CMV infection compared with adults with chronic CMV infection (Fig. 3) . A similar trend was also observed in a comparison of children and adults with primary CMV infection of similar duration (groups 2 and 4), although this did not reach statistical significance (Fig. 3) . These results suggested that a tendency to accumulate a lower fraction of CCR7 low cells as part of memory CD4 ϩ T cell responses may contribute, in part, to the decreased CMV-specific Th1 responses of young children.
CMV-specific Th1 responses by CCR7 low memory CD4 ϩ T cells are selectively decreased in children
The ability of CCR7 low memory CD4 ϩ T cells to produce IFN-␥ was further compared between children and adults with documented primary CMV infection of similar duration. The CCR7 low subset of memory CD4 ϩ T cells of children had a markedly and significantly lower frequency of IFN-␥-producing cells in response to whole CMV Ag or the pp65 peptide mixture than the analogous adult cell population (Fig. 4) . This was in agreement with the earlier results analyzing unfractionated or memory CD4 ϩ T cells. In contrast, the child and adult CCR7 low subsets of memory CD4 ϩ T cells contained a similar frequency of cells producing IFN-␥ in response to SEB stimulation (Fig. 4) . In addition, SEB stimulation induced similar amounts of IFN-␥ per cell, based on mean fluorescent intensity measurements (Fig. 4A and data not shown) . Together, these results demonstrated that the decreased CMV-specific Th1 response by CCR7 low cells in children was relatively selective in that it did not apply to all Th1 immune responses.
Decreased CMV-specific IL-2 and CD154 expression by CD4 ϩ
T cells of children
We next determined whether reduced CMV-specific CD4 ϩ T cell effector function of young children extended to other cytokines, such as IL-2, and to CD154 (CD40 ligand), a surface molecule that is key for the generation of memory CD4 ϩ T cells with Th1 function (27) . As for IFN-␥, the frequency of CMV-specific CD4 ϩ T cells expressing IL-2 or CD154 was substantially lower for children compared with adults with similar duration of primary CMV infection (Fig. 5) . However, unlike IFN-␥ expression, IL-2 and CD154 were expressed by a small, but detectable fraction of adult CCR7 high memory CD4 ϩ T cells in response to CMV Ag, although a greater fraction was found in the CCR7 low subset. In contrast, IL-2 and CD154 expression by CD4 ϩ T cells of children was essentially undetectable for both the CCR7 low and CCR7 high subsets (Fig. 5 ). Thus, children had decreased IL-2 and CD154 expression by unfractionated CD4 ϩ T cells as well as by the CCR7 high or CCR7 low subsets of memory CD4 ϩ T cells. We also analyzed CD4 ϩ T cells from children and adults for CMV-specific production of IL-4, IL-10, and IL-13 using intracellular cytokine staining, but were not able to detect cells expressing these cytokines in any samples (data not shown).
Relationship between viral shedding and the lack of a CMV-specific Th1 response
Previous studies have documented prolonged urinary and salivary shedding of CMV in young children acquiring this infection in the day care setting (3, 28) . We confirmed that this applied to the young children in our study by measuring CMV DNA levels in urine using a real-time PCR assay and by viral culture of urine. All children were positive by both assays, indicating that viral shedding in the urine persisted for at least 12-29 mo after acquisition of CMV (Table I ). In contrast, CMV was not detected by either assay for urine from any adult with recent primary infection. To determine whether this result was typical for adults with primary CMV infection, we also retrospectively analyzed data on a group of 30 healthy women with documented primary CMV infection and found that 90% of these subjects ceased urinary shedding by 6 mo after acquisition of virus (Table II) . Together, these findings demonstrate a striking inverse correlation between viral shedding and the CMV-specific Th1 response.
Discussion
In this study, we found that healthy young children with primary CMV infection accumulated markedly fewer CMV-specific CD4 a All women were initially CMV Ab seronegative and were not shedding CMV into the urine or saliva when they entered into the study. All had young children who had recently been infected with CMV, and who were the likely source of infection. The blood and urine samples were taken at enrollment and then every 2-3 mo until resolution of shedding.
T cells that produced IFN-␥ than did adults. These striking differences in CD4 ϩ T cell function persisted for more than 1 year after viral acquisition, while, in contrast, the CMV-specific CD8 ϩ T cell response of these young children was comparable to that of adults.
These significant decreases of CMV-specific Th1 cells for young children were likely to apply to the absolute number of these cells. Because total lymphocyte counts per microliter were not determined as part of this study, to assess this we reanalyzed the data by assuming that the young children had on average a 2.0-fold greater absolute number of CD4 ϩ T cells than the adults. In various studies, this value has been variously reported as 1.4 (29), 1.6 (30), 1.7 (31), and 2.0 (32), so that this modification of the data was assuming that the maximal differences in circulating numbers of CD4
ϩ T cells applied to our subjects. When the values of the children for frequency were multiplied by 2.0 and compared with the adult values, 4 all of the differences that were significant for CMV-specific and pp65-specific CD4 ϩ T cell frequency remained significant ( p Ͻ 0.05 by the Mann-Whitney U test) after this modification (data not shown).
The decreased CMV-specific Th1 response of young children was mainly attributable to a lack of CMV-reactive Th1 cells among the CCR7 low memory CD4 ϩ T cell population. For both young children and adults, this CCR7 low subset accounted not only for the bulk of IFN-␥ in response to CMV Ags, but also to SEB stimulation (Fig. 2) . These findings are in agreement with two earlier studies (25, 26) in which the CCR7 low subset of memory CD4 ϩ T cells was observed to contain almost all IFN-␥-producing cells among CD4 ϩ T cells polyclonally activated using CD3 and CD28 mAbs. In one of these studies (26) , the production of IL-4 by memory CD4 ϩ T cells was also largely restricted to the CCR7 low rather than the CCR7 high subset. Thus, our results indicate that Ag-specific Th1 immune responses in vivo in humans, or at least those that are involved in antiviral immunity, may be largely mediated cells that are CCR7
low . Whether pathogen-specific Th2 responses, e.g., to extracellular parasites, are similarly restricted to the CCR7 low subset in humans remains to be determined.
The decreased Th1 response to CMV of young children was largely accounted for by the markedly reduced frequency of CCR7 low CD4 ϩ T cells that produced IFN-␥ in response to CMV proteins or peptides. Nevertheless, these CCR7 low memory CD4 ϩ T cells were present in substantial amounts in young children and had a similar capacity to produce IFN-␥ after stimulation with SEB. Because SEB activates T cells based on V␤ segment usage by the ␣␤-TCR rather than peptide antigenic specificity (33) , it is likely to activate T cells that have undergone clonal expansion and Th1 differentiation in response to a diverse group of peptide Ags. Thus, these results suggested that the reduced CMV-specific CD4 ϩ T cell IFN-␥ production of children was apparently selective, and not due to a general inability of their CCR7 low memory CD4 ϩ T cells to mediate Th1 effector function. Although the pathways by which CCR7 low Th1 cells differentiate from less mature CD4 ϩ T cells remain controversial (34, 35) , our results demonstrate that the failure of young children to develop robust Th1 immunity to CMV is not due to a general blockade in this process of differentiation and cell accumulation.
In young children, the proportion of circulating memory CD4 ϩ T cells that were CCR7 low was ϳ50 -60% of that found in adults ( Figs. 2A and 3, A and B) . This modest reduction could reflect a general tendency of young children to produce fewer CCR7 low cells to antigenic stimuli, although this remains to be shown. Consistent with this idea is the recent finding that circulating monocytes from healthy infants and young children have a reduced capacity to produce IL-12 (36), a cytokine that is required for the accumulation of CCR7 low memory CD4 ϩ T cells with Th1 function (25) . Although speculative, it is also plausible that the increased proportion of CCR7 low memory CD4 ϩ T cells in adults could reflect their greater cumulative exposure to natural infections that are effective at driving Th1 immune responses compared with the young children of our study, for whom a greater proportion of antigenic stimulation may be derived from vaccines that are relatively ineffective Th1 inducers. Regardless of the mechanisms involved, the reduced accumulation of CCR7 low memory CD4 ϩ T cells in children accounted for only a minor portion of the profound reduction in Th1 immunity to CMV that was observed.
Previous studies have shown that healthy infants and young children who acquire CMV infection after birth have prolonged viral urinary and salivary shedding compared with adults (1, 3, 4, 7, 13) , but the mechanism of this prolonged viral shedding has until now remained unclear. Our results demonstrate a selective limitation in Th1 immunity in young children with postnatally acquired primary CMV infection and a striking inverse correlation between viral shedding and the CMV-specific Th1 response. The importance of Th1 responses in control of CMV shedding is strongly supported by studies of murine CMV, in which CD4 ϩ T cells producing IFN-␥, but not CD8 ϩ T cells were found to be critical for limiting CMV replication in acinar epithelial cells and consequent salivary shedding (9 -11) . This most likely applies to other epithelial sites of shedding, such as the kidney. In contrast, control of CMV replication at other tissue sites, such as the lung, depends critically on CD8 ϩ T cells, but not CD4 ϩ Th1 cells (11) . We speculate that the limited consequence of reduced Th1 responses in these healthy children (i.e., asymptomatic, but prolonged CMV shedding) is due to the fact that children develop reduced, but detectable CMV-specific Th1 immunity and have robust CD8 ϩ T cell responses (Fig. 1A , and our unpublished data). The importance of CD4 ϩ T cell-mediated immunity in the control of CMV shedding is also supported by studies of congenital CMV infection. Epidemiological analysis of children with congenital CMV infection, who also have prolonged viral shedding, indicates that termination of CMV shedding was associated with an increased proliferative response (37) indicative of CD4 ϩ T cell immunity to the virus. Moreover, a recent report found that asymptomatic newborns with congenital CMV infection had a mature CD8 ϩ T cell response (38) , supporting the idea that CMV-specific CD8 ϩ T cells are not sufficient for the control of viral shedding. The finding that healthy young children, including some as old as 3-4 years of age, have limited CMV-specific Th1 responses for more than 1 year postinfection is, to the best of our knowledge, unprecedented for a persistent viral infection. Human neonates also have a lag in the appearance of a normal Th1 immune response following primary HSV infection compared with adults (39); but this lag only lasts several weeks and not for months to years as in primary CMV infection of young children. It will be of interest to determine whether there are significantly delayed Th1 responses in young children who acquire other persistent viral infections, such as with other herpesviruses.
The underlying mechanism of the reduced CMV-specific Th1 response in young immunocompetent children is unknown. Our results demonstrated not only reduced Th1 responses, including IFN-␥ and IL-2 production, but also decreased CMV-specific expression of CD154 by CD4 ϩ T cells, including cells that are either CCR7 low or CCR7 high . This suggests an action that may apply relatively early to the generation of memory CD4 ϩ T cells from less mature precursors, as CCR7 high memory CD4 ϩ T cells have been proposed as the precursors of the CCR7 low cells with Th1 activity (26, 34, 35) , although this is a controversial issue.
The CMV-specific CD4 ϩ T cell immune response of young children or adults was also not characterized by detectable flow cytometric expression of Th2 cytokines, such as IL-4 and IL-13. Thus, although Th2 cytokines have been suggested to inhibit the development of Th1 responses in an Ag-specific fashion by a phenomenon known as cross-regulation (40), this does not appear to be a major mechanism for the reduced Th1 responses that we observed in young children. IL-10 is another attractive candidate cytokine to block Th1 responses (41) in this context, and decreases class II MHC expression by APCs and their ability to activate Th1 cells (42, 43) . IL-10 also directly inhibits CD4 ϩ Th1 cell differentiation and from less mature precursors and, instead, favors the generation of CD4 ϩ T cells with anergic properties (44) . We did not observe increased production of IL-10 by CMV-specific CD4 ϩ T cells of children compared with adults, but we cannot rule out that increased secretion of IL-10 by other cellular sources, such as regulatory T cell populations or APCs, might participate in limiting CMV-specific Th1 immunity in young children.
CMV is known to encode several gene products that could potentially inhibit the generation of CD4 ϩ T cell immune responses in vivo in young children (45) . These include the US2 and US3, which have been shown to directly interfere with class II MHC Ag presentation (46, 47) , and a viral orthologue of IL-10 that has similar immunosuppressive properties as human 45) . CMV can also directly infect human myeloid dendritic cells (48, 49) , which are key APCs for the initiation of the adaptive immune response and in directing CD4 ϩ T cell differentiation toward Th1 effector function or other fates (50) . Such infection may interfere with the ability of dendritic cells to present Ags to CD4 ϩ T cells (48) and produce IL-12 (49), a key cytokine for the generation of Th1 cells in humans (25) . These and other potential mechanisms, such as blockade by CMV infection of IFN-␥-mediated intracellular signaling and downstream up-regulation of molecules involved in Ag presentation (51) , could inhibit the generation of Th1 responses in vivo. However, it remains unclear why such mechanisms might be more effective in young children compared with adults following primary infection.
Our results suggest that CMV may immunosuppress the human host in a striking developmentally regulated manner. This implies that CD4 ϩ T cells or other cells required for T cell activation, such as dendritic cells, may undergo an age-dependent susceptibility to viral immunoevasion and/or viral-mediated immunosuppression that is more evident in young children. Considerable evolutionary pressure may have favored human CMV's development and maintenance of the capacity to avoid inducing Th1 responses to spread efficiently via secretions during early life. Regardless of the precise mechanism, this developmental limitation in adaptive immunity will need to be considered in immunotherapeutic strategies to control CMV, such as vaccination. CMV has presumably evolved to be transmitted at a young age, and does so in much of the world today (1, 4, 7) , suggesting that the failure to induce a strong CD4 ϩ T cell immune response in early childhood is a key part of the pathobiology of this virus.
